Indole ring system is considered as a versatile scaffold in the pharmaceutical field. In this article, comparative QSAR modeling (2D-QSAR, 3D-QSAR; kNN-MFA and CoMSIA) was performed on some Knoevenagel-type cytotoxic indole derivatives to understand the structural requirements for the cytotoxic property of these compounds. The 2D-QSAR model was statistically significant and imparted high predictive ability (n Train = 30; R = 0.917; R However, hydrophobic features in R′ region are unfavourable for the biological activity. The chemical and structural features identified from the study may provide important avenues to modulate the structure of these indoles to a desirable biological end point.
Introduction
Heterocyclic molecules represent essential substructures or backbone for the synthesis of many therapeutically important synthetic and natural compounds. 1 Moreover, heterocyclic ring is present in many drugs. Indole scaffold one of the most important heterocyclic structural subunits has aroused great attention because of its significance in therapeutic importance including antiinflammatory, antifungal, antibacterial, antiviral, analgesic, anticonvulsant, antimalarial, anticancer activity etc. 1 Chemically indole is known as benzopyrrole in which the aromatic benzene nucleus is fused with heterocyclic pyrrole ring through the 2-and 3-positions of the pyrrole scaffold. 2 When the terminal exocyclic double bond carbon of 3-vinyl indole contains two electronegative groups, this type of indole is designated as Knoevenagel-type indoles. 3 Knoevenagel-type indoles are found to be promising scaffold as this ring system may serve as several promising biological potential against many diseases. 3 However, no QSAR study has been published up to date, which gives complementary insight into the structural and physicochemical interactions of these Knoevenagel-type indoles that require for chemical and biological processes.
In this article, multiple validated comparative molecular modeling approaches (such as 2D-QSAR, kNN-MFA QSAR and CoMSIA QSAR) were performed on unconventional Knoevenagel-type indoles. 3 The findings may enlighten the coordinated application of different QSAR models yielding significant and complementary insights into the structural and physicochemical requirement for the cytotoxicity and may provide an efficient and general way to predict the cytotoxic potency of the Knoevenagel-type indoles.
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Material and Methods
Dataset
A dataset comprising 39 unconventional Knoevenagel-type indole derivatives having MT-4 cellbased cytotoxic property 3 (shown in Table 1 ) was considered for the chemometric modelling study as a part of our rational drug design program. [4] [5] [6] [7] [8] [9] [10] [11] The reported EC 50 values (µM) of these compounds were subsequently converted to the corresponding negative logarithmic scale [pEC 50 ] for QSAR study. [12] [13] [14] [15] [16] [17] The chemometric modeling studies was performed by using [ Table 1 may be placed here]
Statistical methods and 2D-QSAR model development
The 2D structures of these indole derivatives were drawn (shown in Figure 1 ) and subsequently converted to their corresponding 3D structures. 20 Energy of these molecules was minimized by batch energy minimization method with RMS gradient (convergence criterion) of 0.01 kcal/mol using a MMFF94s (Merck molecular force field) force field and charge, maximum number of cycles were 1,000, medium's dielectric constant of 1. The energy-minimized geometry was considered for calculation of descriptors such as physio-chemical (like electronic, thermodynamic, spatial) as well as structural descriptors, (e.g., retention index (chi), chain path count, path count, atomic valence connectivity index (chiV), element count, path cluster, semiempirical, estate number, partition coefficient, molecular weight, molecular refractivity, and topological index) and Baumann alignment-independent (AI) descriptors. Finally the dataset was D r a f t 6 divided into test and training set by k-means clustering analysis (k-MCA) ensuring structural and biological activity variation among both the sets. 21 Stepwise multiple linear regression (S-MLR) methods [12] [13] [14] [15] [16] [17] used as a statistical tool for building multistep 2D-QSAR models step by step for these indole-based derivatives. During model development, the biological activity parameter was considered as the dependent variable and the physicochemical parameters were considered as the independent variables. Several internal and external validation parameters were considered to judge the predictability, significance and robustness of this models.
22
[ Figure 1 may be placed here]
Validation of developed QSAR models
Leave-one-out (LOO) cross validation method 23 was applied as the internal validation tools to validate the developed 2D-QSAR models. The predictive powers of all the developed QSAR models were justified by this internal cross-validation technique. As per the LOO-cross validation technique, each molecule was deleted from the training set once and the prediction of the activity of the deleted molecule was done simultaneously by using the model developed from the remaining training set molecules. [4] [5] [6] [7] The internal predictability parameter (ܳ ଶ ) of the QSAR model was calculated by eq. (1) shown below:
Where ‫ݕ‬ and ‫ݕ‬ are the actual and predicted activity of the 'i' th molecule in the training set, respectively and ‫ݕ‬ is the average activity of all these molecules in the training set.
Further, the external predictive ability of the developed QSAR models was checked by the ܴ ௗ ଶ parameter as per eq. (2):
Where ‫ݕ‬ and ‫ݕ‬ ௗ are the actual and predicted activity of the 'i' th molecule in the test set, respectively, and ‫ݕ‬ is the average activity of all the molecules present in the training set. 
3D-QSAR modelling kNN-MFA 3D-QSAR technique
Alignment of molecules
These Knoevenagel-type indole molecules were subjected to molecular alignment by VLife MDS software 18 to explore optimal alignment between the molecular structures requirement for ligand-receptor interactions. 26 Molecules were aligned by template-based method. The most potent bioactive compound 35 was chosen as a reference molecule on which other molecules in the data set were aligned to obtain conformational flexibility in 3D space.
Calculation of field descriptors
The aligned biologically active conformations of indole-based derivatives were employed to calculate the steric, electrostatic and hydrophobic type molecular fields. For the calculation of molecular fields, three-dimensional rectangular grids were generated around the molecule and the interaction energy between the molecule and probe group placed at each grid point were calculated. The sp 3 carbon probe atom having charge +1.0 with 10.0 kcal/mole electrostatic and 30.0 kcal/mole steric cut-off was utilised to generate fields. The dielectric constant was set to 1.0 and steric, electrostatic fields at each grid point were computed considering Gasteiger-Marsili charge. Each aligned bioactive conformation of the investigated compound was taken in turn and the molecular fields around it were calculated. A huge number of descriptors were calculated for all the compounds. Finally, the kNN-MFA 3D-QSAR models were generated after exclusion of all the invariable descriptors having zero values or same values, as these descriptors were unable to contribute to the QSAR models. The kNN methodology simply based on the distance learning approach in which an unknown member is classified according to the majority of its k-nearest neighbours (kNN) in training set.
The nearness is measured by an appropriate distance metric (e.g., a molecular similarity measure computed using field interactions of molecular structures). In kNN-MFA technique, several models were generated on training sets and subsequent validated on test sets. Once training and test sets are originated, kNN technique is used to generate descriptors over the grid. 27 The kNN-MFA models were generated by stepwise forward (SWF) as well as by simulated annealing (SA) methods.
27
D r a f t
3D-QSAR comparative molecular similarity analysis (CoMSIA) technique
Comparative molecular similarity analysis (CoMSIA) technique deals with the calculation of the similarity indices at the intersections of a surrounding lattice. 26 Important assumption is taken in the CoMSIA study that the changing of the binding affinities of the structurally aligned molecules are related to the changes in molecular properties represented by different fields (steric, electrostatic hydrophobic, hydrogen bond donor, and hydrogen bond acceptor). In
CoMSIA, a probe sp3 carbon atom with a +1 charge, +1 hydrophobicity, +1 hydrogen bond donor, and +1 hydrogen bond acceptor at each lattice and grid spacing 2.0 Å calculate the CoMSIA descriptors and the Gaussian function calculate the similarity indices between the molecules and the probe atom. 
Molecular Docking
Molecular docking was subjected to understand the binding modalities of investigated Knoevenagel-type indole molecules toward its putative target. The docking experiments were performed with the AutoDock Vina software. 28 The crystallographic structures of tubulin receptor (pdb 1SA0) 29 were taken from the RCSB Protein Data Bank (http://www.pdb.org). The receptors were freed from water molecules and inbound ligand by Discovery Studio 3.5
Visualizer (DS Visualizer 3.5, Accelrys Software Inc., San Diego, California, USA). From the D r a f t
AutoDock Tools (ADT) the polar hydrogen atoms were added to the protein models to relax the conformation from close contacts. The grid box was selected for protein centred at the crystal structure of the corresponding inhibitors. The grid dimensions were chosen as with a spacing of 1 Å. The preparation of the ligand structure prior to docking was performed by adding polar hydrogen atoms, Gasteiger partial charges and the torsions were allowed to rotate during docking. 30 The docked poses were visualized and the 3D images were constructed by using the PyMOL software (The PyMOL Molecular Graphics System, Version 1.0r1, Schrödinger, LLC).
Results and Discussion
2D-QSAR study
The indole-based derivatives 3 were used to build the chemometric models. The dataset was 
3D-QSAR study kNN-MFA models
The similar training set (30 compounds), test set (9 compounds) was used 3DQSAR methods (Table 1) . Molecular alignment of all compounds was performed on compound 35 as the reference best active compound. The aligned geometry of all these molecules was shown in [ Figure 3 may be placed here] 3D QSAR kNN-MFA models were generated by stepwise forward (SWF) selection and simulated annealing (SA) methods. Statistical parameters of the 3D-QSAR models were shown in Table 2 .
[ Table 2 may be placed here]
The kNN-MFA models derived by the SWF and the SA methods were shown in eq. (4) and eq. [ Figure 5 may be placed here]
3D-QSAR CoMSIA model
For developing 3D-QSAR CoMSIA models, again, all these molecules were aligned on the best active reference compound 35. The CoMSIA alignment was shown in Figure 3 . The CoMSIA model showed a LOO-cross validation Q 2 of 0.524 with 4 components and R 2 value of 0.960.
The validation parameters as per the CoMSIA model were shown in Table 2 . The CoMSIA
value was 0.872 that was statistically reliable and significant. Therefore, these parameters indicated validated internal predictability of these indole analogs internally and externally. The
CoMSIA contour maps for the best active (compound 35) and the lowest active (compound 3)
compound was shown in Figure 6 .
[ Figure 6 may be placed here]
The favourable steric fields (shown as green contour) exist near R substitution of the indolebased derivatives suggesting that the introduction of the phenyl or a p-anisyl group to replace the methyl or hydrogen group could be more beneficial for biological activity (compounds 6-33 vs 
34-39 etc)
. This is also correlated with a previous comparative molecular field analysis (CoMFA) study of 2-phenylindole derivatives by Liao and co-workers. 33 On the other hand, the presence of partially negative charged functions is suitable around the R position ( Figure 1 ) as suggested by the macro red contours of the CoMSIA contour maps ( Figure 6 ). This result seemed to signify the importance of the para-methoxy substitution on the phenyl ring of the R position and matching with the previous study. 33 The unfavourable hydrophobic field (cyan contour) cover the R′ substitution and cover a part of the phenyl ring of Y substitution (Figure 1 ) of the indole-based derivatives. Similarly, the D r a f t hydrogen bond acceptor field was found to be unfavourable near the R′ substitution ( Figure 1 ).
The favourable hydrogen bond acceptor field was found near the sulphonyl function ( Figure 6 ) which in turn, supports the 2D-QSAR result. No hydrogen bond donor field was found during
CoMSIA analysis and validation. Therefore, it may be assumed that hydrogen bond acceptor field may play important role than hydrogen bond donor field for the cytotoxic potential of these compounds. Our study The Observed (Obs) and Predicted (Pred) activities of training set and test set compounds of 3D-QSAR CoMSIA model was given in Supplementary files and graphically shown in Figure 5 .
Molecular docking study
Tubulin has been preliminary identified as the biological target for this kind of molecules. 3 In order to identify how these molecules can bind to tubulin we performed a docking study with the tubulin receptor (pdb 1SA0). 29 To validate the docking protocol we performed re-docking with [ Figure 7 may be placed here]
Conclusion
In this work, multiple molecular modelling tools were applied to explore the structural and physicochemical requirements of some unconventional Knoevenagel-type indole derivatives for their cytotoxic potential. The 2D and 3D-QSAR models are statistically significant and well 
